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L FROM PT TO THE OPE

1.1. Oyot, Unitarity and IR Safety

(4wa)?

obe =2 F m (Q%)
w(@) = (333) /' = OTFO5)0),

-——T.mvw@""’

e OPE:

OI#(0)iu(@)0) = —Col(??)

1 -
+5Cpa(a%) g (1) (01 Fuw P (0)[0) + ...

 Co(Q*/1?) from PT
o IR Safety ...




e No solutions to Landau equations: ...

S Y aept=0

i+ in loop j
X TEvi =0
i in loop 5
e No classical process:
~ -
\"\ .y oo
\.‘\.' Neo

e Infrared Safety:

Co(Q?/1%, as(w)) = 3 Q% 12) a™(w))

n=0

¢ Cy IR and CO finite for m;=0in D =4

e But ... series for Cy nonconvergent




1.2 Perturbative Nonconvergence of Cp . el
| Mueller (1985,1992)
e Generic pinched integration region:

C ~ (1/QY) 7 kK (/)
~ (1/2) (1/2)" nt.

® RG + Gauge invariance —

Co = C§® + CF= + 0(QF)

5™ (Q%/1% K@, a,(Q)) = H(Q) [~ dk?k? ay(k?) + ...
= H(Q) [~ dk*?
a,(Q2)
1+ (@) b n(k/Q?)

47
H(Q) j0 dk?k? by TR/ A7) +

X




o “Borel f@”: b =20,(Q%) In(Q*/K?)

B (1, 1,0(Q)) = 5o HQQ' f o e
. s &

e Pole (= ambiguity) at b= 87 /by — Q~*
e Borel plane:

by

e

™Y
cu\alj\' c

e In any case ...k soft integrals in C¥™ and (F?)(k) identical!



ey okt R

..__ cnn b

e Axiom of subst_ntutxon* Bebavmr of “true” Co

%’-f—_ (@1 ,n/cz, a.(ce)) +

as (Ole(O)IO) (,;)
Q4 - -‘.

* Nonconvergence of PT — need for new (IR) regularization

e Cost: new NP parameter ((F?)) implicit in PT
e Benefit: new NP parameter ((F?)) implicit in PT




II. METHOD OF SUBSTITUTION

e For m(Q) above not necessary (already had OPE)
) But semi-inclusive (jet, event shape) o’s, power con‘ectwns

tmportant and not well understood.

e So propose:

For o an IR safe cross section at large scale Q:

1. Identify regions R in momentum space where lines are
pinched on-shell in 0. (Landau equations)

&

2. Organize logarithms of momenta £ that occur in R into:
(a) o5 (f(£)) and/or (b) explicit kinematic integrals. ((a) RG
— example: of f(£) = ¢2 above; (b) Resummation — examples
below; case-by-case)

2
S dR R &gk )

3. Introduce a cutoff x on (some) components: & < k, to de-
fine contribution o from region R, such that a, (f(£)) > ap,
Qp fixed.

k2

S Ak’ (-



4. With o, fixed, evaluate: op ~ Q~2-™x™. (Power count-
ing)

m= 4

e S B led me h s 2t e o .

g

/ Find a “universal® matrix element (©O), dimension m,
whose PT is identical to R with x as UV cutoff.

e

{o(F lo?

V}%. Remove o from o, replace it with (O),

(reg) ( K) + (QO>2(—N)

Oversubtractions for even higher-power corrections?



HI. ete~ ANNIHILATION IN THE TWO-JET -LIMIT

3.1. Thrust and Singular Behavior
Thrust, typical IRS event shape:

1 A -
T—V-S-maxﬁ Xla-gil,
o T =1 & two-jet struct?

o Substitution? General pinch surface in ete™:




° Comp@icated ... but one class of corrections smgledout |
e Singular behavior for T — 1 (LLA):

e Simplification. Study T for singular behavior in two-jet limit.
e Role of moments:

- 1 g do
G(N) = 35/0 dTTNﬁ

1 TN -1
h 9T =7

-1)™
1nm(1—T)=£”-l-% In™N 4. ..

e Work to accuracy (1—-T)° < 1/N.

e To this accuracy, thrust axis fixed:

1
1 ﬁQ(Z:Pz I Zpt)

icht jeh~

e And TN ~ exp[—N(l —‘T)]. )




3.2 General Weights
o ms Safe weight “w({p;})”
do 2
==X /Ps(n) M ({p:})I°6 (w({p:}) — w)

W(...Pi- - Pj-1,0PiPjs1--.) = w(... (1 + @)p;.

) ! “p

P\ ‘ G-edp
‘ X w ,
: .: ' k+o0

e Suppresses long-time evolution

e Moments

1 do
o(N) = 0/ dw(l—w)Ndw

e N — oo enhances long-time behavior.

«+Pj-1,Dj+1---



e Consider w such that:

1. w= Omtwo-]ethmn;(w 1-T, eg)
2. To order u?, w({p:}) = };w(p.)

e E/0 weights:
w(p;) = E; fu(6;)
fi-r(6;) = [ \/_(1 + cosé; )]

e c.g. fo=min [715(1 + cos™ ,-)]

12/13%



3.3 Factarization/convolution/moments

¢ Factorization/convolution
do(w) dwy dwe dw,
dwdcos 0 - UOH(pl/ﬂ)p?/p'))/ w; we w,

X Ji(p1/ p, w1)Ja(p2/ 1, w2)
X S(’U,;, w,-Q/p) 5(‘!1) —w; — Wy — w;) + O(wo) J

J2

¢ Moments — product:

g(N) = me dwe™N "’——-—d‘;s:u)

= oo H (p1/1, 22/ ) S(v:, Q/pN)
xJi(p1/p, N) Jo(p2/p, N) + O(1/N),

%



3.4 2-Jet Effective Theory (2JET)

e Soft-gluon function S':

o S({u,w) = T 6(ws—w,)

x Tr <O|T(,-Ij1 ®! (00,0)) |z)(z] T(,-I:II ,,(co,0)) |0)

,.(\, ) = Py exp (—ig £ dNv; - ANB + :z:))

e Fikonal approximation ...
Two-Jet Effective Theory for Soft Gluons (2JET)

Lassr ~ 3 o it D(A)] fus — Slyds — 8,

¢y scalar

Y



¢ Analogous treatment for “jets”, defined by

E(pia C) = J(pt) Ou j(vis C)

S(pi, ¢, w) = A%Q)z 6wz — ) [ dhewems
x{ 0| g}(Avs) |z) Tow (2] §(0) | 0 )e.ncg
Jt(th1 IQ/I‘) = mz 5(111,_- wi)
x(0|®! vi,

da(0) [2)(Z] Py;ca(0) | 0 )¢.a=0

"
E

00
p
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IV. IR ANALYSIS OF 2JET

41 _Web- Decompositon and Exponentiation
e Eikonal cross section at fixed energy:
Gatheral, Frenkel and Taylor (1981)

doyer °° 1
dgo n=on'

[d2 6(Q — @) ®g H S(k)

Sk)=_T_O(F) F®)

e Web: can’t be disconnected by cutting eikonal lines alone.
Ezample:

7 <
N

C(HF)=C,



e Exponentiation in Moments: : .-:.

£ e gy = exp [ dky S(k) €]

e Useful because:
e Webs have no (non-RG) IR subdivergences

e A form of resummation

Ezample:

— 0
k—+o
Kug

| §



4.2 Renormalization Group for the Kernel (o33:r)

Polya.kov (1979)

Aref’eva (1980)

Brandt & Neri (1981)

Korchemsky & Radyushkin (1986,87)

e Power counting — one overall IR divergence each F.

o Web renormalization < renormalization of eikonal vertices
e Additive Renormalization — Generalized “Plus distribution”:
Seea(k, 1) = s(k)B (' — K°) — 84(k) [ 'K O( — K”) s(K))

e Example of momentum subtraction

/ d* kSrena(l" — ko) =

19



e Web integrand with y' = Q — makesmgIeLR, co
divergences explicit: T

- . :

[ &% Sea(k, Q) = 41r/°zd'°2f""’dlé

K2+ k3
y - dkg (k,\ k,\
Vi \/lqz, k2 — Q’

o v/(K*[K® + K2]) a plus distn'butibn
requires no overall renormalization:
d [(kx k)
(G

o Q,as(ﬂ))

a,(#))

20



4.4 Moments for d—"dszm

doyer(Qw) _ = 1 n dS(k, Q, w;)
dw - nz=:0 n! Bw ,I=-I1 / d' dw;
° Web expansion:
dS(k,Q,w) _ dF(k,Q,w)

e Renormalization (virtual diagrams only) the same.

e Moments:

- —Nwdo
UzJET(Q,N)=/0dwe N —3230“2

e Assume (dimensionless) weight scaled by Q (see 1 —T):

wk)= ¥ wk/Q)

particles i

2l



e Exponentiation:

InG,(Q,N) = [d*k dw e N"S(k, Q, w)

¢ Representation with overall divergences explicit:

n5,(Q,N) = 4r /‘?z k2 [ dl.q.kz

Yuw(k, N) _
k(K2 +k3) WEFC(F) =

x I [dpék-—Xm)

iinm

x Fol{pd) (TVHTHD 1)

. ;Zﬁ%% finite distribution at k%,k% — 0
o Two byerall logarithms of N, up to running coupling

e Power correctionsin @ ...

22



4.5 Power Corrections and Substitution

-
—=

e Expand fdkgy in Q at fixed N:

/Qk2+k3:‘/k§ dg k%')'w (kA:kA’ac(l‘) N)

—Eog TS (N, B2, B/, a(p))

e Nonconvergence & substitution? depends on w, but: simplified
by web structure and IRS-w

e Fewer sources of leading power

¢ Leading powers in a few examples ...

2?2



V. LEADING POWER CORRECTIONS FOR 2JET

5.1 ermba.la.nce,MJmmalNonIocahty o
| Korchemsky & G.S. (1995)

e Qr in Drell-Yan cross section; kr imbalance in ete™:

Collins and Soper (1981)
Collins, Soper & G.S. (1985)

ma§06) = 7 TR A )@/

x(e“"’“b—l)-i-.. ,
e bQ — N; kr/Q  w(k)

0 PO) = [ TEAGD) (@)
X (e“‘*"‘ - 1)
+glb2 ln(sz?‘) +...,

o 1/b* « “K”; g; replaces “R”: (T‘g?)

R 2 () @) + -

2



e The operator?
e “Nonlocal square of field strengths”
e Operators on a one-dimensional manifold:

(01|20, ~c0) (Fin (0) = FL(0)) B0y(0,—c0)['0),

Fo(z) = —ig/fw ds ®.(z,z + sp) v, F**(sp+ ) §_,(z + ps, x)

&

A

/+




5.2 E/0 weights; Maximal Nonlocality L=

e Class: w(k;) = 5i(k}/Q) f(cos i)

e As kr imbalance, only need consider lowest orde_zé in e N,

e Thrust: fi_r =1—|cosf|
e Then at lowest order in N/Q,

lndl—T(Q NV = 4 AQZ /Qz kzdh%'kz_i_k,r

dko
N JE— k-

x {Q O (62, k'r/# ko (1)) + -

26



e RG for 11

=>1nao(Q,N) = 41:/"'“"‘2[,"' kzqu-k2+’°%

_dko
VR R R

{g-'ril_’ (/1 1, ko, 0s()) +

e IRS of 1 — T — no divergence for k*/k% — 0
e Expand in a,:

v = GRS (Ras(hr) (i — B — ) + ..

= In&y(Q,N) = %4« Ind d@é a,(kr)

| e kr integral:

fq ko\/k% 3 \/Q2 —(Q—kr)=kr+..

= ln&O(Q, N) = —g—47r» /(;delév";]:%- kr a,(k/p) +...




- § a3 o k)

e bra,(kr) — IRS integral with “infrared renormalon” at 1/Q.
e Nonconvergent 1/Q corrections in moments of T.

e Generalizes from T to many w’é in two-jet limit |
e Choice f = 1 CO divergent but no 1/Q (Beneke and Braun)

e Invert moments — =g T)Q corrections, etc.

Dokshitzer, Webber & Marchesini
Manohar and Wise

Korchemsky and G.S.

Akhoury and Zakharov

Nason and Seymour

Beneke, Braun and Magnea

e Web structure and IRS: All nonconvergent 1/Q from:
k2, Ié —0

e All logs controlled in c; and explicit kr, k? integrals.

A8



-

e Substitution:

InGo(Q,N)V — g—f_lldcoso f(cosb) £(cos )

£(cos8) = (0| WL, (0) 6(cos6) Wiynn(0) | 0).

e W product of Wilson lines

e O in terms of emeigy-momentum tensor measures energy dow:
(Bashar:, Brown, Ellis & Love; Tkachov)

: '~ O(cosl) = E}!Egof dyo dﬂ:,(il? €ijk éo&(y") é(cosd — cosb) .

e 1/Q corrections for this class of w’s from “universal” £(cos0)

f/ 4

4™

e Relation to sum of 1PI cross sections:

/1 da’f(z, 0)
1 dcos@

29



VI. OUTLOOK

e NJET
" @ EFT for Energy Flow

©] e |0)

e Hadronic Cross Sections

e Power corrections to PT may be facilitated by the systematic
identification of regions in momentum space that are associ-
ated with strong coupling. This approach complements the
“classic” Borel-transform analysis.

e This approach may lead to progress in interpretation of op-
erator content of power-suppressed corrections, with theoret—
ical a.nd phenomenological relevance.
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